Abstract This review examines both recent and historical literature related to the biophysical chemistry of the proteins in the ageing eye, with a particular focus on cataract development. The lens is a vital component of the eye, acting as an optical focusing device to form clear images on the retina. The lens maintains the necessary high transparency and refractive index by expressing crystallin proteins in high concentration and eliminating all large cellular structures that may cause light scattering. This has the consequence of eliminating lens fibre cell metabolism and results in mature lens fibre cells having no mechanism for protein expression and a complete absence of protein recycling or turnover. As a result, the crystallins are some of the oldest proteins in the human body. Lack of protein repair or recycling means the lens tends to accumulate damage with age in the form of protein posttranslational modifications. The crystallins can be subject to a wide range of age-related changes, including isomerisation, deamidation and racemisation. Many of these modification are highly correlated with cataract formation and represent a biochemical mechanism for age-related blindness.
Introduction
Vision is one of the most important of the human senses, one that is relied upon constantly in daily life. The loss of sight is typically considered a major disability, but there are unfortunately many circumstances that can lead to eye damage and loss of vision. This organ is highly fragile and prone to damage from injury; however, blindness is also associated with genetic mutations, various diseases and, perhaps most commonly, ageing (Pascolini and Mariotti 2012) . Cataract is by far the most common cause of blindness in humans, responsible for 51 % of cases of visual impalement worldwide (Rao et al. 2011) . Cataract is characterised by a clouding of the eye lens that reduces the quantity of light reaching the retina. Lens opacification from cataract often results in a gradual loss of perception of contrast and colour intensity and an increased sensitivity to glare from bright lights. This progression eventually causes a total loss of sight if allowed to develop untreated (Allen and Vasavada 2006) .
Cataract is the result of protein misfolding (Bloemendal et al. 2004) . Over time, proteins are subject to a wide range of post-translational modifications that can reduce their stability and promote aggregation (Hains and Truscott 2007; Lampi et al. 1998; Yanshole et al. 2013) . The crystallin proteins of the lens are particularly long-lived and any age-related damage they suffer typically accumulates. Cataract occurs when these proteins aggregate into large bodies which cause light scattering and loss of visual acuity (Moreau and King 2012) . While the lens has systems to prevent protein aggregation (Ecroyd and Carver 2009; Horwitz 2003) , the build-up of damaging modifications over time will eventually overwhelm them and aggregate formation results. Cataract has become an inevitable reality of ageing, especially as the lifetimes of individuals increases (Michael and Bron 2011) . Currently, the only effective treatment for cataract-related blindness is surgical removal of the clouded lens and replacement with a prosthesis (Rao et al. 2011) . This is naturally an invasive procedure that requires a highly skilled surgeon to perform, and is thus not always readily available in poorer regions of the world (Batlle et al. 2014) . It is possible that by studying the eye lens specific cataract-inducing modifications could be identified and therapeutic treatments developed to target them.
The following review provides an overview of the structure and function of the human eye lens and the proteins it contains. Particular attention will be paid to the unique structures of the eye that make it vulnerable to cataract formation and recent discoveries regarding age-related post-translational modifications in the lens crystallin proteins.
Vision and the eye
The eye is the organ of vision. It is a complex arrangement of parts that directs light from the external environment to the light-sensitive cells of the retina, converting it into nerve signals (Grossniklaus et al. 2013; Tortora and Derrickson 2008) . To be fully functional, the human eye relies upon an interconnected series of components ( Fig. 1) , all of which must function in harmony to provide vision (Frost et al. 2014) . The outermost section of the eye is the cornea, a layer of transparent tissue that covers the anterior chamber. The cornea acts as the eye's first focusing component, using its shape and refractive index to direct light through the iris into the pupil (Quantock et al. 2015) . The cornea also acts as a protective layer for the eye, triggering a blinking response when touched. The anterior chamber is the region between the cornea and iris. It is filled with the aqueous humour, a plasma-like fluid that defines the shape of the region (Goebel et al. 2011; Tortora and Derrickson 2008) .
The pupil is an aperture defined by the iris that allows light to enter the eye (Wilhelm 2011) . Thus, the size of the pupil is determined by contractions of the iris in response to the intensity of light hitting the retina, giving the eye control over light level and preventing damage to the light-sensitive cells via over-stimulation (Neuhuber and Schroedl 2011; Winn et al. 1994) . The iris itself is a pigmented circular structure that acts as diaphragm. It consists of fibrillar stroma that are connected to a sphincter muscle that contracts the pupil and a dilator muscle that radially enlarges it (Tortora and Derrickson 2008) . The iris consists of two layers, an inner layer of highly pigmented epithelial cells and an outer non-pigmented layer that projects the dilator muscles. The colour of the lens is determined by the concentration of melanin in the epithelium and the scattering of light by the stroma (Mackey et al. 2011) .
The primary instrument for focusing light in the eye is the lens (Augusteyn 2010; Bloemendal et al. 2004 ). The lens sits immediately behind the iris where it can focus incoming light to form a clear image on the retina. The lens exhibits a high transparency and a high refractive index and has flexibility which allows the attached ciliary muscles to alter its curvature (Banh et al. 2006; Bassnett et al. 2011) . As a result, the eye can adjust the focal length of the lens to form a real image of objects at various distances with high quality and minimal light scattering (Purnyn 2013; Trokel 1962) . The bulk of the eye ball is composed of the vitreous humour, a transparent gel that takes up the space between the lens and the retina (Petrash 2013) . This fluid is similar in composition to the aqueous humour but has a lower water content and contains a network of collagen type II fibres that causes a high viscosity (Bishop 2000; Quantock et al. 2015) . The vitreous humour has a higher refractive index than water but is primarily considered to be structural in nature rather than acting as a final focusing component. The retina itself consists of light-sensitive tissue that coats the interior surface of the eyeball (Purnyn 2013) . Light striking the retina triggers a series of electrochemical events that result in nerve impulses being sent to the visual centres of the brain via the optic nerve. The two layers of the retina consist of a pigmented layer of melanin-rich epithelial cells and a layer of light-sensitive neurons interconnected by synapses (Hoon et al. 2014) .
There are many diseases that deleteriously affect vision and many of these are a product of ageing (Grossniklaus et al. 2013) . The vitreous humour is one example of a region that is strongly affected by age (Petrash 2013; Sebag 1987 ). This gel is stagnant and is not replenished over time like the aqueous humour, meaning that material such as blood or cellular debris that invade this region remain there unless removed surgically. Furthermore, the collagen fibres that permeate the gel can aggregate over time causing light scattering which degrades vision quality (Petrash 2013; Quantock et al. 2015) . Likewise, the retina is susceptible to age-related macular degeneration which can involve either debris becoming lodged behind the retina or new blood vessels growing behind the retina from the choroid (Chiras et al. 2015; Hoon et al. 2014) . In both cases, this causes the retina to become detached and results in loss of Fig. 1 Diagram of the human eye with major components labelled (Frost et al. 2014) vision in the centre of the eye. However, one of the most interesting and well-studied eye components in regards to ageing is the lens, opacification of which leads to impaired vision which characterises cataract disease. (Augusteyn 2010; Banh et al. 2006; Bloemendal et al. 2004; Michael and Bron 2011) .
Lens structure and ageing
The eye lenses of all mammals are composed of fibre cells arranged in concentric layers around a central nucleus (Moreau and King 2012) (Fig. 2) . The outward facing edge of the lens consists of a mono-layer of epithelial cells contacting the iris, from which new fibre cells develop as the lens grows over the lifetime of the individual (Banh et al. 2006; Michael and Bron 2011) . The lens epithelial cells are the only part of the lens that has metabolic activity (Dahm et al. 2011) . New cells develop from the epithelial layer via mitosis from which they then differentiate into fibre cells (Mochizuki and Masai 2014) . As the new fibre cells develop, they express large amounts of crystallin proteins which are responsible for the refractive index and transparency of the lens (Aarts et al. 1989; Zhao et al. 2011) . Newly differentiated fibre cells migrate towards the lens equator where they undergo denucleation and lose their internal sub-cellular structures (Bassnett 2002; Mochizuki and Masai 2014) . The fibre cells ultimately form multiple layers stacked around the central nucleus of the lens. The newest fibre cells surround the periphery with the oldest cells occurring in the central region of the lens that is formed in utero (Augusteyn 2010) .
The long, elongated lens fibre cells form densely packed onion-like layers. The cells can be upwards of 10 mm long in a mature lens and maintain their shape via an extensive cytoskeleton (Perng et al. 2007 ). The cytoskeletal structure of these cells is vital for transparency, as lenses lacking key filament proteins are opaque despite the fibre cells maintaining typical morphology (Alizadeh et al. 2002) . In order to act as an effective optical focusing device, the lens must maintain several unique properties. The lens must display a high transparency in the visual wavelengths, have a high refractive index in order to bend light at as large an angle as possible, and a degree of flexibility that permits changes in focal length (Bloemendal et al. 2004; Trokel 1962) . The transparency of the eye lens is limited primarily by the absorption and light scattering of the components of the lens fibre cells (Banh et al. 2006) . In healthy eye lenses, absorption and light scattering are negligible. The periphery of the lens exhibits substantial diffraction due to the difference between the refractive index of the fibre cell membrane and the cytoplasm. This is less of an issue along the optical axis of the lens due to angling of the individual fibre cell layers and is absent in the lens nucleus where the refractive index of the membranes is almost equal to that of the cytoplasm (Michael et al. 2003) .
The lens achieves a high refractive index due to the very high concentration of proteins expressed in the fibre cells (Aarts et al. 1989) . Lens crystallins show high refractive index increments compared to other proteins, due to large quantities of aromatic and sulphurous residues (Mahendiran et al. 2014) , and show strong absorbance of UV radiation (Chen et al. 2009; Zhao et al. 2011) . In humans, the fibre cells exhibit a protein concentration of ∼320 mg ml −1 uniformly throughout the lens (Bloemendal et al. 2004) . The composition and concentration of the proteins found in the eye lens of other species varies greatly, but in all cases these proteins are assigned to a super-family known as the crystallins. All vertebrate species express at least α-, β-and γ-crystallin subtypes in their eye lenses, and in humans these are the only crystallin sub-types (Wistow 2012) . It is the structure and stability of the crystallins that define many of the important properties of the eye lens. The lens maintains its transparency and refractive index due to its unique biophysical characteristics. Light scattering is proportional to the size of objects encountered and their difference compared to their surroundings (Ponce et al. 2006; Trokel 1962) , and as such the lens has maximised its transparency by eliminating almost all cellular structures (Bassnett 2002) . When a fibre cell differentiates from the epithelial layer, it express crystallin proteins in high concentration and then undergoes degradation of all organelles and large cell structures. The bulk of the eye lens has no blood supply, no cellular structures such as mitochondria, nucleus, or ribosome, and exhibits no metabolic activity (Dahm et al. 2011; Mochizuki and Masai 2014) . While this lack of organelle-like sub-structure means the lens fibre cells have exceptional optical properties, it also means that once they have matured they have very little capacity to recycle or repair damaged proteins and no capacity to express new protein (Bloemendal et al. 2004; Wang et al. 2004) . (Moreau and King 2012) The long life of the fibre cells is one of the defining features of the eye lens (Sharma and Santhoshkumar 2009) . Due to the lack of protein turnover in the lens fibre cells, crystallin proteins must last the lifetime of each individual. Thus, posttransnationally modified and damaged proteins build up in the lens over the lifetime of an individual, particularly in the nucleus as it is the oldest lens region and corresponds to the foetal lens (Hains and Truscott 2007; Yanshole et al. 2013 ). The protein composition of a young lens can be very different to that of an aged lens. The aged eye is prone to diseases that result in loss of vision, the most common of which is cataract in the nucleus of the lens (Hains and Truscott 2007; Moreau and King 2012; Truscott 2005) .
Age-related cataract
Cataract is characterised as an opacity in the normally highly transparent lens of the eye (Bloemendal et al. 2004) . In general, this opacity can either result from a disruption in the ordered packing of the lens fibre cells or from the formation of large structures within the cells due to a disruption in local ordered protein structure (Michael and Bron 2011; Moreau and King 2012) . In the latter case, this disruption is often caused by the formation of high molecular weight structures consisting of aggregated crystallin proteins (Dobson 2004) . Such structures exhibit increased light scattering, which reduces lens transparency and eventually causes loss of vision. Age-related nuclear cataract is a common disease of ageing and is highly correlated with fibre cell crystallin protein aggregation (Bloemendal et al. 2004; Harding 2002; Michael and Bron 2011; Petrash 2013) .
Lens fibre cells express the crystallin proteins in high concentrations during their development (Aarts et al. 1989) . The crystallins form a wide range of oligomeric structures, ranging from monomers in the case of the γ-crystallins (Bloemendal et al. 2004) , from dimers to octomers in the case of the β-crystallins Bax et al. 1990; Lampi et al. 1998) , and up to 60-mers for the α-crystallins (Horwitz 2003) . Larger oligomers are more common towards the centre of the lens and the smaller dimers and monomers make up the bulk of the protein found in the lens cortex. Overall, the polydispersed nature of the lens proteins makes the substance of the lens remarkably glass-like and highly resistant to crystallisation (Augusteyn 2010) .
Unfortunately, the high protein concentrations necessary to create the high refractive index material of the lens is also exactly the type of environment that promotes protein aggregation (Ciryam et al. 2015; Moreau and King 2012) . While the lens has many systems and special characteristics that are engineered to prevent this aggregation, the effectiveness of these systems tends to diminish as the lens ages (Bloemendal et al. 2004; Ecroyd and Carver 2009; ). Over time, proteins tend to accumulate posttranslational modifications, due to either external damage such as UV radiation exposure or exposure to heat, or by one of several spontaneous chemical modification pathways to which proteins are susceptible (Hains and Truscott 2007; Lampi et al. 1998 ). Cataract formation is typically the result of such damage building up to a point where individual proteins are no longer able to maintain their structure or solubility (Moreau and King 2012; Morris et al. 2009 ). Local regions of highly stressed proteins can randomly self-associate into aggregates that grow in size as more proteins unfold and associate. Eventually, damage and stress will cause protein precipitation within the lens fibre cells with these aggregates acting as nucleation sites for further growth. The formation of protein aggregates in the eye lens disrupts the uniformity and transparency of the lens medium leading to light scattering and loss of visual acuity. In general, the larger the size of protein aggregates, the greater the light scattering they cause (Hains and Truscott 2007; Kamei et al. 2001) .
Although described by a single term, cataracts can have many underlying causes. Eye lens transparency depends on lens proteins maintaining their ordered structure. Exposing lens proteins to any sources that damages them, or promotes their unfolding, will tend to promote blindness. Cataract has been known to be caused by genetic factors, mutations that produce less stable proteins (Shiels and Hejtmancik 2007) , and some diseases such as diabetes (Stevens et al. 1978) ; however, the most common cause of cataracts is age (Bloemendal et al. 2004; Hains and Truscott 2007; Harding 2002; Michael and Bron 2011) .
Lens protein folding and aggregation
The function of globular proteins is defined by their native structure. Under normal circumstances, a protein will fold after it is expressed on the polyribosome, forming a welldefined tertiary structure usually delineated by exposure of hydrophilic surfaces and sequestration of hydrophobic residues into its interior (Dobson 2004) . Figure 3 shows a schematic for the typical folding of a polypeptide chain. Following expression, a protein exists in an unfolded state and will fold into its native folded form via a series of partially folded intermediats (Dobson 2004) . While in these intermediately folded states, a protein will often have its hydrophobic core exposed to to solution, making it unstable and rendering it prone to aggregation (Dobson 2004) . Under normal circumstances, proteins fold rapidly from an unstructured chain to their native states and thus avoid mutual interaction between partially unfolded intermediates. When proteins are exposed to stress conditions, however, the equilibrium between the native and unfolded states is disrupted which can cause the protein to occupy these intermediate states for longer periods of time (Ecroyd and Carver 2009; Haslbeck and Vierling 2015) .
Physiological stress is a general term for changes in the environment of a protein that encourages it to unfold from its native state (Kopito 2000) . Common causes of stress are elevated temperature, changes in pH or exposure to reducing or oxidising agents. Other stress conditions include chemical alteration of the protein, exposure to metal ions, the disruption of quaternary structure and breaking of inter-residue bonds (Bloemendal et al. 2004; Yanshole et al. 2013) . Whatever the root cause of stress, its presence means that a protein will tend to remain in a partially folded intermediate state for longer which increases the possibility of mutual interaction with another partially folded intermediate. This interaction will generally result in protein aggregation (Dobson 2004; Kopito 2000) .
Protein aggregation can take on two forms, highly disordered amorphous aggregation and highly ordered amyloid fibrils (Chiti and Dobson 2006; Hall et al. 2015) . Amorphous aggregates form when partially unfolded proteins cluster together. When a partially unfolded protein has its hydrophobic core exposed to solution, it will experience an affinity for other hydrophobic regions such as the exposed cores of other proteins. As these protein clusters increase in size, they become less soluble and eventually precipitate (Dobson 2004) . Amorphous aggregation and its subsequent precipitation is generally irreversible and protein in this state is entirely inactive; however, amorphous aggregates are believed to be nontoxic to cells and not a significant contributor to protein folding diseases (Kopito 2000) .
Amyloid fibrils are a highly ordered form of protein aggregate which are characterised by their β-sheet-rich, long needle-like structure. The amyloid fibril off-folding pathway begins when unstable, as partially folded protein begins to partially take up the highly stable β-sheet conformation (Chiti and Dobson 2006) . Other partially folded intermediates that interact with the β-sheet region will also fold into a β-sheet due to the mutual stability of this conformation. As this aggregate gets larger, it begins to act as a nucleus for an amyloid fibril, and any unstable protein it encounters will tend take on a β-sheet structure and attach to the end. This aggregation is highly stable and, unlike an amorphous aggregate, will cause unfolding and aggregation of other proteins present (Norrby 2011; Stefani 2012) . Amyloid fibrils are associated with many diseases, particularly age-related neurodegenerative disorders such as Alzheimer's and Parkinson's disease (Eisenberg and Jucker 2012; Hall and Edskes 2012) .
The light scattering that characterises cataract disease is generally believed to be the result of the formation of amorphous aggregates (Bloemendal et al. 2004; Hains and Truscott 2007) . When the crystallin proteins are exposed to sufficient stress-inducing modifications, they will unfold and randomly associate to form these large structures. This would not constitute a problem in most tissues as this form of aggregate is readily degradable but in the lens there are no mechanisms for breaking up and recycling these structures. As a result, the lens fibre cells must rely entirely on preventative mechanisms such as high protein stability and large concentrations of molecular chaperone (Bassnett 2002; .
Small heat-shock proteins
The small heat-shock proteins (sHsp) are a group of molecular chaperone proteins that are ubiquitous in all organisms (Derham and Harding 1999; Haslbeck and Vierling 2015) . The role of the sHsps is to prevent aggregation of other proteins under stress conditions. Proteins that perform the heat shock function are found in all forms of life and have a highly conserved structure across species (De Jong et al. 1993 ) (see Fig. 6 , below). All sHsps are characterised by the presence of a well-structured central region termed the α-crystallin domain (Derham and Harding 1999) . This region exhibits a β-sheetrich immunoglobulin fold, the structure of which is important for the activity of these proteins (Jehle et al. 2010; Kim et al. 1998 ). This central structured domain is flanked by N-and Cterminal regions, but these are highly variable between species and show differing degrees of structure (Derham and Harding 1999) . The expression of sHsps is substantially up-regulated in response to heat stress conditions (Haslbeck and Vierling 2015; Lindquist 1986 ). These proteins are highly efficient chaperones, which act to prevent protein aggregation by Fig. 3 Protein folding, unfolding and off-folding (aggregation) pathways (Ecroyd and Carver 2009) binding to unfolded and partially folded proteins, preventing their association with other unstable proteins (Fu 2014) . In this way, they act as a first line of defence against protein unfolding and aggegation (Ecroyd and Carver 2009; Haslbeck and Vierling 2015) . Figure 4 is a diagram of sHsp chaperone action. Under normal physiological conditions, sHsps exist bundled into large stable oligomers containing many subunits. Upon encountering physiological stress, these oligomers become unstable and sHsp dimers dissociate into solution (Delbecq and Klevit 2013; Hochberg and Benesch 2014) . The active sHsp dimer interacts with aggregating proteins early in their offfolding pathway (Ecroyd and Carver 2009; Fu 2014) . The sHsps bind to proteins that are partially folded, ensuring continued solubility and preventing further unfolding and aggregation. While this binding prevents the formation of both amorphous aggregates and amyloid fibrils, the sHsps have no mechanism for restoring protein to its native fold and rely on other energy-driven processes to recycle any proteins that it binds, such as ATP-driven Hsp70 (Haslbeck et al. 2005) . While sHsps are an organism's first line of defence against protein aggregation, they are also associated with a variety of protein folding diseases. It is common to find sHsp incorporated into the amyloid fibril-rich plaques found in the brains of victims of neurodegenerative disease (Eisenberg and Jucker 2012) . The exact causes of sHsps being incorporated into the same structures they are supposed to prevent forming is not well understood (and nor are many of the mechanisms behind their chaperone action) making sHsps an important field of active research (Guzzo 2012; Morrow and Tanguay 2012; van Noort et al. 2012; Treweek et al. 2015) .
Eye lens proteins
The lens fibre cells express very high concentrations of highly soluble protein as they develop. In all species, these proteins are classified as the crystallins, of which there are many taxonspecific subtypes (Piatigorsky et al. 1994) . All vertebrates express the α-, β-and γ-crystallins in the lens, and in mammals these are the only members of the class present (Slingsby et al. 2013) . Crystallin proteins assemble into various oligomers of different sizes and show many weak crystallincrystallin interactions, resulting in a highly polydisperse fibre cell contents resistant to crystallisation (Ponce et al. 2006; . In humans, all crystallins are lens fibre cell-specific with the exception of αB-crystallin which is ubiquitous in all tissues in which it functions as a stress inducible molecular chaperone (Horwitz 2003) . All the crystallins are characterised by high solubility and high stability as they must last the lifetime of the lens (Bloemendal et al. 2004; Sharma and Santhoshkumar 2009) (Table 1) .
The cytoplasmic protein of the mammalian eye can be separated into its components via size exclusion chromatography (Spector 1964) as shown in Fig. 5 . The α-, β-and γ-crystallins separate from one another, forming distinct fractions. The α-and β-crystallins further separate into highand low-mass species, the separation of which highly bufferdependent as these species are in a concentration-dependent equilibrium with one another (Bateman et al. 2001 ). This was ultimately found to be a result of the polydisperse oligomer formation exhibited by the α-and β-crystallins .
The classification of mammalian eye lens proteins was initially on the basis of net charge and molecular mass (Harding Fig. 4 sHSP interaction with unfolding and amorphous aggregation (Ecroyd and Carver 2009) and Dilley 1976). Initially, the α-, β-and γ-crystallins were believed to be individual proteins but now this nomenclature serves as the basis for classifying the three human lens protein families (Wistow 2012) . γS-crystallin was originally classified as a β-crystallin as it elutes at a higher apparent mass than the other γ-crystallins but was later found to be much more closely related to the γ-crystallins on the basis of sequence data, and has since been reclassified ( Quax-Jeuken et al. 1985; Smith et al. 1995) .
α-crystallin
In humans, the α-crystallins consists of two related proteins, αA and αB (Horwitz 2003) . These two proteins share roughly 60 % sequence identity, have high structural similarity and share the same function. Both α-crystallins are sHsps but only αB-crystallin is stress-inducible in other tissues of the body, meaning that αA expression is limited entirely to the eye lens (Bhat and Nagineni 1989; Morrow and Tanguay 2012) . Figure 6 shows the general structure of sHsps as a homology model of human αB-crystallin compared with the x-ray crystal structures of wheat sHsp 16.9 and bacterial sHsp 16.5 (Ghosh and Clark 2005) .
sHsps are characterised by a central α-crystallin domain flanked an unstructured C-terminal and a variable Nterminal region (Ecroyd and Carver 2009; Hochberg and Benesch 2014; Horwitz 2003) . The α-crystallin domain resembles an immunoglobulin fold in structure as seen from X-ray crystallography and NMR-determined structures of truncated αB-crystallin (Jehle et al. 2010; Laganowsky et al. 2010) and from sHsp of other species. The α-crystallin domain consists of a β-sandwich structure of 12 β-strands, of which 2 are shared by an adjacent dimerisation partner (Jehle et al. 2010 ). The α-crystallins form dimeric species which together assemble into oligomers composed of this base dimer unit (Delbecq and Klevit 2013) . These typically consist of 3 dimer pairs arranged in a ring from which the hexamers then further oligomerise to form a grouping of 40-60 units depending on the conditions (Ecroyd and Carver 2009) . These largescale structures are highly polydisperse and dynamic with individual dimers able to freely associate and disassociate from the oligomer. The C-terminal region of sHsps contains a conserved hydrophobic 'IXI' motif which binds to a hydrophobic pocket of the α-crystallin domain of adjacent dimers and is proposed to influence subunit dissociation under conditions of stress (Jehle et al. 2010; Laganowsky et al. 2010 ). α-crystallins are differentiated from other sHsps by the presence of a highly dynamic unstructured C-terminal extension of 10-12 amino acids (Treweek et al. 2010 ) which contributes to the high solubility shown by these proteins and the loss of this region greatly reduces their stability (Ecroyd and Carver 2009; Hilton et al. 2013; Treweek et al. 2010 ).
βγ-crystallins
The β-and γ-crystallins are related proteins that act as structural elements in the lens. They have a major role in generating the lens's high transparency and high refractive index (Mahendiran et al. 2014; . This protein family is believed to have originated from primordial Archaeabacteria as single-domain Ca 2+ binding proteins (Barnwal et al. 2009; Mishra et al. 2014 ). The βγ-crystallins are ubiquitous in the eyes of mammals, and in Fig. 5 Chromatogram of lens fibre cells cytoplasm from bovine eye lens separated with gel filtration chromatography. Significant protein groups are marked. α-and β-crystallins separate into high and low mass elution peaks corresponding to different tertiary structures and γS-crystallin elutes separately to the other γ-crystallins humans they account for ∼50 % of the cytoplasmic proteins by weight (Bloemendal et al. 2004; Slingsby et al. 2013 ). The β-and γ-crystallins are closely related protein families and they possess a similar structural fold, i.e. a two-domain tertiary structure that roughly divides the peptide chain into halves. Each domain is comprised of two β-sheet rich BGreek-key^motifs with 8 β-strands per domain (Fig. 7) . These proteins pack densely together into the supramolecular structures via intermolecular cross-domain interactions. The primary distinguishing characteristic between the β-and γ-crystallins is that under physiological conditions the β-crystallins self-assemble into oligomers of between 2 and 8 subunits Bax et al. 1990 ), whereas the γ-crystallins are largely monomeric (Bloemendal et al. 2004 ). Both the β-crystallin oligomers and the γ-crystallins monomers are stabilised by hydrophobic interactions between the N-and Cterminal domains. The βγ-crystallins are primarily responsible for the refractive index of the lens and tend to have an above average number of residues with high refractive index increments, i.e. aromatic (tyrosine, tryptophan and phenylalanine) and sulfur-containing (cysteine and methionine) amino acids (Mahendiran et al. 2014; Zhao et al. 2011) . The highly soluble, highly stable, poly-dispersed nature of these proteins also minimises aggregation and crystallisation in the lens, ensuring high transparency (Piatigorsky et al. 1994; Slingsby et al. 2013) . The structure of the β-crystallins shows distinct differences from the γ-crystallins with the presence of long flexible peptide extensions at the Nterminus. Otherwise, the structures show a close relationship, with similar folds in the C-and N-terminal domains and similar inter-domain interactions. The cause for β-crystallins showing preferential inter-molecular interaction compared to the intra-molecular domain pairing in the γ-crystallins arises from the conformation and length of the domain linker peptides. The inter-domain interface in these proteins is composed of clusters of hydrophobic residues flanked by pairs of polar groups (Flaugh et al. 2005 ).
β-crystallin
The β-crystallins are divided into acidic βA1, βA2, βA3 and βA4 and basic βB1, βB2 and βB3 proteins (Bloemendal et al. 2004 ). The βA1 and βA3 crystallins are coded by the same gene and differ only in the length of the N-terminus as the βB3 expression is initiated by an earlier start location (Zigler and Sinha 2015) . These two proteins are expressed early in the development of the lens and are found primarily in the nucleus, whereas βB2-crystallin is expressed throughout all stages of eye lens growth from a separate gene (Aarts et al. 1989) . All the acidic β-crystallins are expressed throughout the eye lens in humans with the exception of βA2, which appears in only trace quantities when compared to other mammals (Bloemendal et al. 2004) . βB1-and βB3-crystallins are highly correlated with the β H fraction of the lens crystallins and form into high mass oligomers such as hexamers and octomers (van Montfort et al. 2003) . Conversely, the β L fraction consists of dimers such as βB2 (Aarts et al. 1989) . High-mass oligomers of β-crystallin (β H ) (hexamers and octomers) are primarily located in the lens nucleus corresponding to the expression of βB1-and βB3-crystallins and thus are generally found in the oldest lens cells (Aarts et al. 1989 ). The younger fibre cells tend to express more dimeric βB2-crystallin and monomeric γS-crystallin, resulting in somewhat of a gradient, with larger oligomers found in the centre of the eye lens which are replaced by dimers and monomers at the edge of the lens (Augusteyn 2010 ).
γ-crystallin
There are seven γ-crystallin genes in mammals (Wistow 2012) . The first six of these, γA-γF, are closely related and highly similar in sequence. The genes for these proteins appear in a single cluster and show 70-98 % similarity, but in humans the γE and γF genes are inactive (Slingsby et al. 2013 ). The seventh γ-crystallin, γS, is more distantly related to the others (Smith et al. 1995) . It exhibits a unique four-amino-acid-long N-terminus, it lacks the two residue C-terminus of the other six and has a 1-to 2-amino-acid-longer connecting loop between the two domains (Bloemendal et al. 2004) . γS-crystallin is induced last during fibre cell development and is not present in the immature cells of the cortex (Aarts et al. 1989; Wang et al. 2004) . The γA-D crystallins are similar to the βB1-and βB3-crystallins in that they are expressed early in the lens development, with γC and γD most abundant, and are found primarily in the nucleus of the eye lens (Wang et al. 2004 ). Fig. 6 General structure of small heat shock proteins. Sequence of αB-crystallin (red) overlaid onto two related proteins, wheat sHSP 16.9 (green) and bacterial sHSP 16.5 (blue) (Ghosh and Clark 2005) γS-crystallin is the primary eye lens crystallin which is expressed post-natally (Wang et al. 2004) . It has high structural homology to the other γ-crystallins but is found primarily in the water-rich cortex of the eye lens. Due to its chromatographic properties, γS-crystallin was originally classified as a β-crystallin (βS), but, once the genetic sequence of the crystallins was understood, it was re-classified as an early evolutionary offshoot of the γ-crystallins ( Quax-Jeuken et al. 1985; Smith et al. 1995) . The sequence of γS-crystallin is highly conserved throughout all vertebrates and is regarded as one of the more important proteins in the lens structure (Bloemendal et al. 2004; Wenk et al. 2000) . The crystallisation of human γS-crystallin has yet to be achieved, but a structure determined by NMR spectroscopy is available (Kingsley et al. 2013 ).
Post-translational modification
The lack of protein turnover in the lens results in a unique situation not seen in most other bodily tissues. Over time, proteins in any tissue can be subjected to a wide variety of irreversible modifications, due to enzymatic processes or via spontaneous pathways (Bloemendal et al. 2004; Hains and Truscott 2007; Harding 2002; Wilmarth et al. 2006; Yanshole et al. 2013 ). In the eye lens, the lack of protein expression or turnover means that, instead of these modified proteins being repaired or replaced, they tend to accumulate. Being by far the predominant lens proteins, the modification of the crystallins can be extensive. Crystallins are all highly water soluble upon expression but, over time as post-translational modification occurs, they are altered both structurally and functionally as well as becoming colourised. Loss of solubility occurs and they become prone to aggregation (Sharma and Santhoshkumar 2009) . Eventually, the formation of large, poorly-soluble aggregates results in extensive light scattering (Moreau and King 2012) .
Cataract formation is highly correlated with age; however, crystallins are often extensively modified in humans even when young (Hains and Truscott 2007; Wilmarth et al. 2006 ). There are many specific modifications in cataractous lenses that are not present in normal healthy aged lenses (Hooi et al. 2012) . It is these modifications in particular that are of interest in order to identify specific causes for cataract formation and therefore identify potential targets for treatment or prevention. Because the proteins in the lens have a significantly longer lifetime than most other proteins in the body (Lynnerup et al. 2008) , they have the opportunity to undergo a wide range of modifications and rearrangements that are not normally occur in other tissues. A survey of such modifications follows.
Truncation
Over time, proteins are susceptible to truncation events (Yanshole et al. 2013) . Proteases are common throughout tissues where they cleave polypeptides into fragments at specified sites (Page and Di Cera 2008) and represent the basis of natural protein degradation pathways (Goldberg 2003) . Crystallins undergo a number of C-and N-terminal truncations which can have a major effect on their stability and solubility (Hains and Truscott 2007; Morris et al. 2008; Treweek et al. 2010) . Some of these truncations can be attributed to protease activity, as small amounts of these enzymes are found in the eye of animals (Robertson et al. 2008) . However, in the nucleus of the human lens, all enzymes are inactive (Zhu et al. 2010) , which means that non-enzymatic pathways are the most likely explanation for the truncation of crystallins from aged eyes, of which there are several (Chaves et al. 2008; Lyons et al. 2014) . Fig. 7 The structures of selected crystallin proteins. a NMR derived structure of human γS-crystallin two domain monomer (PDB 2M3T). b Crystal structure of bovine βB2-crystallin (PDB 1BLB) dimer showing domain sharing. c Crystal structure of human βB3-crystallin trimer (PDB 3QK3) with lattice structure One example of a pathway for spontaneous protein cleavage involves an N,O-acyl shift at serine residues (Lyons et al. 2011) , the products of which are encountered frequently in the aged eye lens. The mechanism for this rearrangement, shown in Fig. 8 , results from an attack of the serine side-chain hydroxyl group on the preceding backbone amide. The subsequent hydrolysis and peptide chain cleavage is analogous to the intein protein splicing mechanism (Mills and Paulus 2005) . This reaction is spontaneous but slow at neutral pH and physiological temperatures; however, the reaction rate increases with elevated temperature (Lyons et al. 2011) , exposure to an acidic environment (Tuppy 1951 ) and the presence of trace metal ions (Yashiro et al. 2003) . It is also probable that this truncation occurs for threonine residues as peptides beginning at these residues have been observed in the lens (Su et al. 2011) . Protein truncations attributed to this mechanism are common in both aged and cataractous eye lenses. Thus, cleavage of the C-terminus of βA3-crystallin at Ser199 (Su et al. 2011 ) and γS-crystallin at Ser167 (Friedrich et al. 2012 ) is common in aged human lenses. Likewise, N-terminal truncation before αB-crystallin ser19 and between Ser59 and Ser75 of βA1-crystallin have been found (Santhoshkumar et al. 2008) . It is proposed that these modifications result in a loss of crystallin protein solubility and a disruption of local structure, thereby increasing the probability of protein aggregation and precipitation. The presence of truncated proteins and the resultant peptides in cataractous lenses lends credence to this idea (Friedrich et al. 2012; Santhoshkumar et al. 2008) . Additionally, it has been found that some of the small peptides cleaved from the N-or C-termini of lens proteins interact with fibre cell membranes, in some cases binding strongly (Friedrich et al. 2012) , potentially weakening the cell walls and leading to the formation of membrane pores. Thus, the peptide products of these spontaneous truncation events may disrupt lens crystallin structure and affect lens fibre cell organisation.
Deamidation
The deamidation post-translational modification is another spontaneous rearrangement commonly found in the older proteins of the body. This modification is so ubiquitous in longerlived tissues that it is considered one of the factors limiting protein lifetimes (Robinson and Robinson 2004) . Deamidation is one of the most common post-translational modification in the eye lens, occurring early in life and building up with age (Hains and Truscott 2010; Lampi et al. 2014; Takemoto et al. 2001) . There are some sites of deamidation that occur more frequently in cataract-affected lenses compared to healthy lenses of the same age (Hooi et al. 2012) . Deamidation modifies asparagine and glutamine residues by hydrolysing the amide side chain, producing the corresponding carboxylic acid residue (Clarke 1987) . The major effect of this modification is the introduction of a negative charge at a formerly neutral location in a protein, and thus it has the potential to destabilise protein structures in the vicinity, including in the lens crystallins (Hains and Truscott 2010; Lampi et al. 2014) .
Deamidation is a slow spontaneous rearrangement that occurs via a cyclic succinimide intermediate resulting from the attack by the Asn/Gln side-chain on the backbone amide to form a cyclic succinimide with the loss of ammonia (Reissner and Aswad 2003) . The ring then hydrolyses to form the corresponding carboxyl residue, either aspartate or glutamate. Figure 9 shows the deamidation pathway for asparagine. Both asparagine and aspartic acid are capable of ring closing to form a succinimide intermediate, with the intermediate ring opening in both directions to subsequently produce the aspartate and isoaspartate residues (Lampi et al. 2014; Takemoto et al. 2001) . The nature of the residue adjacent to the Asn/Gln is an important factor in both the rate of modification and propensity for deamidation. Sequences of Asn-Gly are known to be highly susceptible to deamidation to the extent that it can be difficult to express recombinantly proteins that contain this sequence (Reissner and Aswad 2003) . Likewise, deamidation in older proteins is often found adjacent to serine, glycine and histidine residues (Wakankar and Borchardt 2006) . (Lyons et al. 2011) Deamidation affects all of the structural proteins in aged eye lenses, but each is modified to a different extent. For example, βB2-crystallin shows deamidation at only one site and only at 3 % abundance even after 60 years of age, whereas γS-crystallin has up to 20 % deamidation at some residues, such as Asn76, by as early as 15 years of age, and up to 60 % deamidation in cataractous lenses (Hooi et al. 2012) .
Racemisation
The conversion of L-amino acids to their D-enantiomer is common in cataractous lenses (Hooi and Truscott 2011) . The amino acids that make up proteins are predominantly, with the exception of the non-chiral glycine, expressed as enantiomericly pure L-isomers. Over time, these chiral centres will undergo racemisation as the amino acids convert from pure L-isomers to a mixture of L-and D-isomers (Fujii et al. 1991) . Racemisation is typically very slow but depends a great deal on the specific amino acids as well as on external effects such as temperature and radiation exposure (Lyons et al. 2014; Solheim 1993) . In normal healthy tissues, the constant recycling of proteins means that significant quantities of Disomers are unable to build up. However, in dead tissues or among particularly long-lived proteins, the ratio of L-to Disomers will slowly approach parity (McCudden and Kraus 2006) . The rate of conversion of L-to D-isomers in proteins is predictable to the extent that the post-mortem age of biological samples can be estimated by measuring the ratio of isomers using racemisation dating (Meissner and Ritz-Timme 2010; Solheim 1993) . This is also true for proteins that do not undergo turnover such as eye lens crystallins, tooth dentin or elastin from ligaments (Ohtani and Yamamoto 1991; RitzTimme et al. 2003) . Eye lens proteins have been shown to undergo racemisation at many sites, and these locations can be highly sequence-dependent and are often found in unstructured regions (Fujii et al. 2011; Hooi and Truscott 2011) . Crystallins in healthy aged eyes exhibit racemisation at 4.5 % of all serine residues and 9 % of asparagine residues, corresponding to an average of two D-amino acids per protein (Hooi and Truscott 2011) . Racemisation of threonine, glutamine, glutamic acid and phenylalanine residues has also been observed, but to a smaller degree, which is attributed to incidental exposure to high temperatures of the intact lenses during life. Cataractous lenses show a rate of racemisation in serine, aspartic acid, asparagine and threonine residues which is significantly higher than healthy, age-matched lenses (Hooi and Truscott 2011) .
The racemisation of aspariginyl residues, asparigine and aspartic acid, is a special case. These residues show the largest tendency to racemise of any amino acid in the eye due to the existence of a chemical pathway that allows for steric inversion (Lampi et al. 2014; Wakankar and Borchardt 2006) . This is the same rearrangement that causes deamidation via a succinimide intermediate ring Fig. 9 Mechanism of deamidation in asparagine and aspartic acid residues via cyclic succinimide intermediate. Subsequent ring opening can produce both aspartic acid (α-amino acid) and isoaspartic acid (β-amino acid) products (Reissner and Aswad 2003) opening (Fig. 9) . This ring opening, already capable of forming structural isomer isaoaspartate, can cause the amino acid to form a D-enantiomer, with one possible product of this interconversion being a D-isoaspartate residue, equivalent to a Dβ-amino acid (Kaji et al. 2007 ). Both αA-crystallin Asp151 and γS-crystallin Asn76 are reported to undergo gradual racemisation over their lifetime with γS-crystallin Asn76 showing particularly high modification in cataractous lenses (Hooi et al. 2012) . Of the 13 aspariginyl residues of αB-crystallin, Asp36 and Asp62 show extensive racemisation in aged lenses compared to young ones, a pattern repeated with βB2-crystallin Asp4 residue (Fujii et al. 1994) . In αA-crystallin, Asp151 and 58 are highly modified in older eyes, but the racemisation of these residues can first appear at a young age (Fujii et al. 1997; Hooi et al. 2013b ). Other studies suggest that the Asp151 is the primary site of racemisation in αA-crystallin, due to sensitivity to radiation damage from both UV-B (Fujii et al. 1997 ) and gamma radiation . Serine residues are also highly susceptible to racemisation which may be the result of alpha proton abstraction (Lyons et al. 2014) . Specific sites of serine racemisation in αA-Crystallin include Ser59 and 62 with 35 % D-amino acid (Hooi et al. 2013a) .
Oxidation
Oxidation appears to be a common modification in aggregated protein extracted from cataractous lenses and is especially common in nuclear cataract (Truscott 2005) . To protect against oxidation, the lens naturally contains high concentrations of antioxidants, particularly glutathione, and possesses several oxidation defence and repair systems that maintain redox homeostasis (Giblin 2000; Lou 2003) . As the lens ages, these systems lose effectiveness and the concentration of antioxidants falls, resulting in an increase in oxidation over time (Xing and Lou 2010) . The amino acids tryptophan, cysteine and methionine are commonly subject to oxidation in the lens (Moreau and King 2012; Stadtman 2006) . Oxidation of cysteine residues is particularly common, with the modification first observed in the early stages of cataract formation and increasing in prevalence as cataract progresses, to the extent that >90 % of residues are modified in advanced cases (Garner and Spector 1980; Hains and Truscott 2008) . Similarly, methionine residues exhibit up to 50 % oxidation upon the appearance of cataract and even non-cataractous lenses can have up to 37 % oxidised methionine (Garner and Spector 1980; Stadtman et al. 2005) . Tryptophan residues also show significant oxidation in cataract-affected lenses when compared to healthy lenses, and several particular tryptophan sites have been identified where oxidation is highly correlated with cataract, such as βB1-crystallin Trp192 (Hains and Truscott 2007) . Similarly, high levels of oxidation of αB-crystallin Met-68 have been reported in cataractous lenses (Yanshole et al. 2013 ). The oxidation-mimicking W42Q mutant of γD-crystallin readily shows reduced thermal stability and aggregates in the presence of WT γD-crystallin (Serebryany and King 2015) . Likewise, the presence of oxidised βA3-crystallin peptide (152-166) increases aggregation in both α-and γ-crystallin bovine lens fractions (Udupa and Sharma 2005) . The oxidation of proteins in the lens promotes the formation of covalent cross-links and the accumulation of mixed disulfide species (Moreau and King 2012) . Highly oxidised proteins typically make up a large proportion of insoluble and urea-soluble protein fractions of cataractous lenses (Truscott 2005; Yanshole et al. 2013 ).
Other chemical modifications
The crystallins are prone to a wide range of chemical modifications such as phosphorylation and glycosylation (Bloemendal et al. 2004 ). Many proteins also undergo phosphorylation over time, particularly at serine residues. However, this modification is less correlated with cataract than many of the others (Hains and Truscott 2007) . Phosphorylation is common to αA-and αB-crystallin at a number of locations and can either increase or reduce its chaperone activity depending on the location (Van Boekel et al. 1996; Ecroyd et al. 2007; Kamei et al. 2001; Li et al. 2012) . The other eye lens crystallins are less noted for undergoing phosphorylation. Cysteine residues are also prone to methylation over time and this modification is common in the eye lens. Some prominent locations of crystallin cysteine methylation appear in cataractaffected eye lenses but this modification is also common in both aged healthy lenses and young lenses (Hains and Truscott 2007) . Interestingly, the methylation of cysteine residues in γS-crystallin appears to occur early in life and is maximised well before any occurrence of cataract, and therefore appears to play little or no contributory role to lens opacification (Lapko et al. 2002) . Glycosylation of the crystallin proteins appears in cataract associated with diabetes (Thorpe and Baynes 2012) . The glycosylation at the delta carbon atom of lysine residues with glucose 6-phosphate has been reported and is believed to lead to increased aggregate formation via sulfhydryl oxidation (Stevens et al. 1978) . As the aged crystallins become affected by these modifications, their structure can become disrupted, potentially exposing hydrophobic regions of the proteins to the aqueous solvent, encouraging random interactions between the crystallins (Ecroyd and Carver 2009; Moreau and King 2012) . The formation of large protein aggregates increases light scattering and reduces vision quality, and leads to opacification (Trokel 1962) .
Conclusion
The human eye lens exhibits many biochemical properties that are unique amongst the tissues of the body. The dual requirements of high transparency and high refractive index necessitate a high protein concentration (Bloemendal et al. 2004; Dahm et al. 2011 ). This makes the lens highly dependent on the stability of the crystallins in maintaining its function and makes the lens very vulnerable to diseases of ageing. The tendency for age-related damage to accumulate in the lens means that cataract is an inevitability for most individuals, especially as lifespans increase (Michael and Bron 2011) . The nature of the lens means that repair of such damage is not practical and the only current effective method of treatment for cataract is surgical replacement, a procedure not always available in the developing world (Allen and Vasavada 2006; Batlle et al. 2014; Pascolini and Mariotti 2012) . For non-surgical preventative treatment to be developed, the locations of post-translational modification that have a disproportionate effect on lens clarity must be characterised (Hooi and Truscott 2011; Michael and Bron 2011; Moreau and King 2012) . The summary of post-translational modifications presented in this review show the wide range of changes that the crystallins are subject to as they age. Many of these modifications lead to protein destabilisation in vitro and many are correlated with cataract formation in vivo. While the scope of this review is necessarily limited, the wide variety of these destabilising modification may suggest that cataract is the result of cumulative damage from many sources rather than that of specific modifications having a disproportionate effect. This state of affairs will inevitably complicate the search for a pharmaceutical treatment for cataract. Nevertheless, the continued identification and characterisation of age-related posttranslational modifications in the crystallins is an important and justifiability active field of science.
